Increase of Si content increases wear resistant properties of hypereutectic Al-Si alloys. However, large primary Si phase is inevitable in AlSi alloy when the alloy is produced by conventional casting processes, which deteriorate its machinability as well as its mechanical properties. The objective of this study is to produce graded Al/Al-Si nanocomposite coating onto an A1050 Al alloy substrate by mixing Al and Si nanoparticles with Supersonic Free-Jet PVD (SFJ-PVD). The SFJ-PVD has been developed as a new coating method in which a coating film is formed by depositing nanoparticles with very high velocity onto a substrate. This SFJ-PVD provides a high deposition rate and produces a mixture of different kinds of nanoparticles formed in different evaporation chambers on the substrate. The graded Al/Al-Si coating film is produced by depositing Al and Si nanoparticles formed in different evaporation chambers with the controlled evaporation rates of Al and Si respectively. A smooth, compact and defect-free microstructure is formed both at the interface between the substrate and the coating film and inside the coating film. The graded Al-Si coating film has very fine, varying from 10 to 20 nm in diameter, Si phases in Al matrix. It is confirmed with nano-indentation hardness tester that the graded Al/Al-Si coating film on A1050 substrate has graded hardness from 0.65 to 5.9 GPa corresponding to the gradual compositional change of Si up to Al-57.8 at%Si.
Introduction
Friction and wear are major concerns in the performance and reliability of mechanical components made of aluminum alloys employing sliding contacts. High Si content hypereutectic Al-Si alloys have offered potential for high wear resistance in many industrial applications such as aerospace and automobile ones, because of their high hardness, low density, low coefficient of thermal expansion and excellent tribological properties. 1, 2) The high wear resistance is attributed to the presence of a hard Si phase distributed throughout a matrix.
3) The property depends on the volume fraction of the Si phase in the matrix and the volume fraction of the Si phase becomes larger with the increase of Si content. 4) However, a primary Si phase grows large when Si content exceeds the eutectic composition. The increase of the large primary Si phase causes serious deterioration in mechanical-and tribological properties, which has been well known as Si embrittlement. In the Al-Si alloys, the refinement of the Si phase and its homogeneous distribution in the matrix must be a key to improve the mechanical properties of them. The growth and the role of the primary Si phase in the Al-Si alloys were investigated intensively. [5] [6] [7] [8] [9] [10] [11] [12] [13] Many researchers attempted to control the precipitation and the size of the primary Si in the matrix using many processes such as casting, spray forming and powder metallurgical technique.
14-17) Kojima et al., 18) Seok et al. 19) and Mori et al. 20) produced the dispersed micron-meter size Si phase in hypereutectic Al-Si alloys by spray forming processes. However, the fabrication processes of the disperse nanometer sized Si phase in thick Al-Si coating film have not been established yet.
On the other hand, Oya-Seimiya et al. 21) tried to distribute Si phases in the in-situ Al-Si base functionally graded materials (FGMs) by a centrifugal casting process. FGMs is very attractive for the fabrication of high Si content Al-Si alloys with high wear resistance and high specific fracture toughness, i.e., graded Al-Si materials starting from the composition of base Al alloys to high Si have possibility to increase mechanical strength and especially fracture toughness of mechanical components with keeping the wear resistance of surface.
Thus, to the improvement of the property of the high Si content hypereutectic Al-Si alloys for wear resistance, it should be indispensable to get finely dispersed Si phase in a compact Al base matrix and graded composition from a high toughness Al base alloy to high wear resistance high Si surface.
Supersonic free-jet physical vapor deposition (SFJ-PVD) [22] [23] [24] [25] [26] [27] [28] [29] has been developed as a new coating method in which a coating film is formed by the deposition of nanoparticles onto a substrate at very high velocity. The SFJ-PVD can deposit almost all the evaporated source material as nanoparticles and produce thick coating film. In previous works, we have succeeded in obtaining a uniform, high-density and thick Ti-based alloys coating films, such as (1) pure Ti coating films on metal substrates, 22, 23) (2) Ti-Al intermetallic compounds coating films in-situ synthesized at low temperature on various metal substrates by mixing Ti and Al nanoparticles, coating films graded from Ti to TiAl and coating films graded from Al to TiAl, 24, 25) and (3) monolithic TiN coating films, Ti-Al-N coating films and a coating film graded from Ti to TiN [25] [26] [27] with SFJ-PVD. The two evaporation chambers of the SFJ-PVD apparatus make possible to produce two different nanoparticles in the respective chambers and to mix them onto a substrate in the deposition chamber with desired composition by controlling the deposition rates of the nanoparticles respectively. This advantage is very beneficial for fabricating gradedcomposition coatings.
The aim of our present work is to produce graded Al/Al-Si nano-composite coating with the SFJ-PVD and to investigate the relationship between the microstructure and the hardness of it.
Experimental Procedure
An A1050 aluminum alloy (Al-0.25Si-0.40Fe-0.05Mn-0.05Mg-0.05Zn-0.03Ti (in mass%)) plate with the dimension of 20 mm Â 20 mm Â 1 mm was used as a substrate. Also, pure Si and pure Al were used as evaporation sources. All substrates were cleaned ultrasonically in acetone before depositing into a deposition chamber.
The schematic diagram of SFJ-PVD is illustrated in Fig. 1 , showing the two stages in SFJ-PVD, ''gas evaporation'' and ''vacuum deposition''. In the gas evaporation stage, a source material is evaporated to form nanoparticles in an inert gas atmosphere. The nanoparticles are then carried to a substrate with the inert gas through a transfer pipe where a gas flow is generated by the pressure difference between the evaporation and the deposition chambers. The gas flow is accelerated to supersonic velocity (Mach number 3.6) by a specially designed supersonic nozzle joined to the tip of the transfer pipe. In the vacuum deposition stage, the nanoparticles are deposited onto the substrate in the deposition chamber. The evaporation source material of Al was placed in a graphite crucible then heated and evaporated by the surrounding Ta ribbon heater in the evaporation chamber 1. The evaporation source material of Si was placed in a water-cooled copper crucible then heated and evaporated by arc plasma in the evaporation chamber 2. The substrate was fixed on a stage that was driven in X-Y directions, and the coated area was 7 mm square on the substrate in the deposition chamber. The stage and the nozzle are heated by electric resistance heating systems respectively. The temperature of the substrate was measured at a point close to the coated area of the substrate by a thermocouple, and the substrate temperature was controlled. Main control-parameters of the SFJ-PVD apparatus are electric power for evaporation source heating, carrier gas flow rate, electric power for nozzle heater and substrate temperature. Preparation conditions are shown in Table 1 . The combination of the main control-parameters was selected based on our studies. The gas flow rate and the electric power for nozzle heater were the maximum values of the device, respectively. Substrate temperature has little effect on film morphology in this method. 22 ) Thus, we select 523 K as substrate temperature that is less affected by carrier gas flow. The further experimental details of the deposition technique were reported in the previous papers. 23, 24, 26) To form a graded Al/Al-Si coating film on the Al050 substrate, we began evaporating only Al in the evaporation chamber 1, and gradually increased the evaporation rate of Si in the evaporation chamber 2. The composition of the coating film was controlled by electric power for heating applied to each evaporation source.
Cross sections of the coated specimens were observed by a field emission scanning electron microscope (FESEM) equipped with an energy dispersive X-ray (EDX) analyzer. Specimens for the observation were polished with SiC abrasive paper up to #2000, and then mechanically polished with up to 0.3 mm Al 2 O 3 . The microstructures of the coated specimens were observed by a transmission electron microscopy (TEM) and an X-ray energy dispersive spectrometer (EDS). The hardness of the coated specimens was measured using a nano-indentation hardness tester (ENT1040a) at Elionix Inc. with applied load of 9.8 mN. Figure 2 shows FESEM image and the characteristic X-ray mappings of Al and Si elements taken from the cross-sections of the graded Al/Al-Si coating film on A1050 substrate. Figure 2 (a) shows smooth, compact and defect-free interface and coating film have been formed. The thickness of the coating film is about 230 mm. In Figs. 2(b) and (c), EDX revealed that the coating started with pure Al, Si content gradually increased, and at the film surface the composition of Si was 57.8 at%. Large Al or Si particle is invisible in Figs.  2(b) and (c) . Figure 3 shows TEM image of the graded Al/ Al-Si coating film. In the figure, some typical grains of Al or Si are indicated. As shown in Fig. 3 , nano-meter sized Si phases dispersed uniformly in the Al matrix. The Si phases in the coating film were nearly sphere with 10 to 20 nm in diameter and uniformly dispersed in the matrix. Those results suggest the SFJ-PVD was possible to control the composition of the graded coating film, and to disperse nano-meter sized Si phases in the graded Al/Al-Si coating film. Figure 4 shows the relation between the nano-indentation hardness and the composition of the Al/Al-Si coating film graded from pure Al to Al-57.8 at%Si. In Fig. 4 , the hardness gradually increases from 0.65 to 5.9 GPa as the increase of Si content in the graded composition of the coating film. The nano-indentation hardness of A1050 substrate with the same measuring condition was about 0.62 GPa that is almost the same hardness of 0.65 GPa of the film near the interface between the substrate and the film. Hardness increase in the Al-Si composites coating film should be due to the strengthening effect of the increase of Si content by the graded coating. Figure 5 shows nano-indentation hardness variation with gradation of content in the graded composite coating films of Al/Al-Si, Ti/Ti-Al 25) and Ti/TiN. 25) The increase of hardness corresponds to the increase of contents, respectively, and the Ti/TiN film with harder TiN phase shows higher hardness than those of others. Kojima et al. 18) reported that the hardness of the Al-20 mass%Si, Al-30 mass%Si and Al-50 mass%Si coating films produced by low-pressure plasma spray process were about 80 Hv, 100 Hv and 200 Hv, respectively. And Mori et al. 20) reported that the hardness of the Al-20 mass%Si and Al- 40 mass%Si coating films produced by plasma spray process were about 150 Hv and 200 Hv, respectively. In the results of the sprayed Al-Si coating films, the hardness increases with the increase of the Si content, and at the same Si content, the hardness value of the coating film with sub-micron Si phase produced by low-pressure plasma spray process is higher than that of the film with from 2 to 10 mm Si phase produced by plasma spray process. The difference of the hardness might depend on the size of Si phase. According to the study on the conversion of Vickers hardness into nano-indentation hardness 30) the hardness values of these sprayed Al-Si coating films are much lower than those of the Al-Si coating film with Si phase from 10 to 20 nm in the present study, that might be due to the difference of Si phase size and also of porosity of films. We have succeeded in obtaining the compact and thick graded Al/Al-Si coating film with the dispersed nano-meter sized Si phase by the SFJ-PVD. The result in this study suggests this process has excellent potential for the fabrication of nano-composite coatings.
Results and Discussion

Microstructures of the coating films
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Conclusions
Graded Al/Al-Si nano-composite coatings on A1050 substrates by depositing Al and Si nanoparticles were produced with the SFJ-PVD.
The results obtained are as follows, (1) Deposition of source nanoparticles produced compact Al-Si film without voids or cracks. (2) By controlling the deposition rate of Al and Si nanoparticles respectively through the control of evaporation rate in two different evaporation chambers, it is possible to produce the graded Al/Al-Si coating film without large Si phase. (3) Si phases in the film were nearly sphere with 10 nm to 20 nm in diameter and uniformly dispersed in coating film. (4) Nano-indentation hardness gradually increases from 0.65 GPa to 5.9 GPa as the increase of Si in the graded coating film. 
